Submarine Escape from 600 feet (183 metres) Two submarines, the USS Squalus and HMS Thetis, sank in relatively shallow water in the early summer of 1939, within a few days of each other; the Squalus in 240 ft (73-2 m) and the Thetis in only 150 ft (45 75 m) of water. On board the Squalus were 33 survivors, while Thetis, having embarked a trials party in addition to her normal complement, had 103 survivors in the unflooded sections of the boat. All the survivors were rescued from the Squalus within 40 hours; but only 4 men escaped from the Thetis although, due to the steep angle at which the boat was lying, the escape chamber was only about 10 ft (31 m) below the surface of the water.
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While there are many differences of detail between these two incidents, each illustrates one of the two main methods which may be used to rescue survivors from a sunken submarine.
In the case of the Squalus the survivors were rescued by means of the McCann Rescue Bell which was carried on board the submarine salvage ship USS Falcon. The principles of operation of this Rescue Bell are as follows. When the submarine has been found, a diver is sent down to secure the down haul wire. The Bell, with hatches shut and the operators inside at atmospheric pressure, is then winched down this wire to the submarine hatch and locked onto it. The lower hatch of the Rescue Bell and the submarine hatch are then opened. A number of survivors climb into the Bell, the hatches are shut again and the Bell winches itself back to the surface where the survivors leave via an upper hatch; the procedure can then be repeated. During the whole of this process neither the operators nor the survivors are exposed to raised pressures or the hazards of decompression. By contrast the primary method of escape from British submarines was via an escape chamber designed to take two men at a time. Into this chamber two survivors went with the Davis Submarine Escape Apparatus (DSEA), a simple breathing apparatus with a limited supply of pure oxygen; the pressure in the chamber was then raised by flooding with sea water until the inner and outer pressures were equal. Next the hatch opened and the survivors rose to the surface breathing from the DSEA, which also gave positive buoyancy during the ascent.
A similar individual escape system was available as a secondary escape method in United States submarines; but the Rescue Bell was only adopted for a time after the second world war by the Royal Navy, HMS Kingfisher being fitted to operate it. Factors Affecting Choice ofMethod While it might be thought that there was and is an overwhelming case for the adoption of a Rescue Bell system similar to that operated by the United States, there are other factors which are thought to be of crucial importance in a choice of escape method. One must recognize, first, that such accidents are rare; secondly, that it may be extremely difficult to find the sunken submarine; and tbirdly, that when found there may be no Rescue Bell able to reach the scene quickly enough to be of assistance. Consequently a selfcontained escape system capable of being operated by the survivors at the most favourable time to themselves is likely to be more satisfactory than one relying on outside assistance.
Individual Escape Techniques
In the sinking of the Thetis, the escape chamber was used successfully; nevertheless, most of the survivors failed to escape. This was due to the development of high levels of carbon dioxide from the increased work involved in attempting to surface the boat, and from the overcrowding by the large number of survivors.
Atmospheric Control
The two aspects of atmospheric control that received particular attention were the absorption of carbon dioxide and the replenishment of oxygen. The former problem was solved by providing canisters filled with soda lime through which the atmosphere could be circulated, and the latter by provision of oxygen candles which released oxygen chemically on being heated. While these methods were meant to prolong the safe waiting period up to the time when escape must be made, a significant bonus was the provision of a supply of pure breathable gas which was connected to an emergency ring main throughout the boat. This emergency system is known as the built-in breathing system (BIBS).
Free Ascent
During the second world war a number of escapes were documented in which no DSEA was used. Experiments in the United States quoted by Alvis (1952) had shown that it was possible to escape breathing oxygen from as deep as 206 ft (62 m). In this country, experiments after the war were largely concerned with alternatives to oxygen breathing, since Donald (1947) had shown that, in man, oxygen at high pressures produced convulsions that were unpredictable in time of onset.
Experiments using goats as subjects had shown the feasibility of compressing these animals in air and then decompressing them immersed in water back to atmospheric pressure without ill-effects, provided that the exposure was not so great as to lead to decompression sickness. These early experiments were reported by Pratt & Taylor (1947) and Donald et al. (1948) . The first human free ascents simulated in chambers at the Royal Naval Physiological Laboratory were carried out from about 300 ft (91-5 m) and were reported by Cowan et al. (1947) and Wright (1950) .
The principle of free ascent is simple. The buoyancy given to the body by the expanded lungs is used to carry the escaper upwards. As the pressure falls, the gas in the lungs expands and the excess must be breathed out into the water. Too little breathed out can lead to a burst lung or air embolism while too much leads to descent rather than ascent due to the loss of buoyancy. It was clear, therefore, that additional buoyancy was needed for escape, but not how much. A number of trials with dumes were carried out by Shelford (1948) and Goodenough & Bartlett (1948) to assess the right amount of buoyancy. A standard escape stole and an immersion suit were developed, the latter to protect the survivors from exposure on arrival at the surface. Training in the new method of buoyant ascent began in HMS Dolphin in the Submarine Escape Training Tank (SETT) in 1953.
Compartment Escape
In concentrating upon the method of ascent nothing has so far been said of the actual escape from the submarine, for which two methods could be used. The main method, compartment escape, involved flooding a whole submarine compartment with water to raise the pressure. Some of the contained air was trapped by lowering a twill trunk which formed a sort of coaming around the hatch. When the pressure was equalized the air inside this trunk escaped and was replaced by water so that survivors were able to duck under the trunk and float up through the hatch into the sea.
The disadvantage of this method was that flooding a whole compartment was a slow procedure. The subsequent escapes in which each man moved round nearer to the hatch to take his turn also took many minutes; all this time the survivors were exposed to pressure and therefore more and more likely to develop decompression sickness after arrival at the surface. The safe exposure time at a depth of 100 ft (30 5 m), for example, is about 30 minutes, a time which might easily have been exceeded in a compartment escape.
The subsidiary method of escape called tower escape was similar to that used with DSEA.
Rapid Compression
During some investigations into the narcotic action of nitrogen at pressure it was found by Barnard et al. (1961) that much faster rates of compression were tolerable, even preferable, to those that had been used formerly.
At about the same time Hamlyn & Mackay (1962) carried out trials on the Steinke Hood, an American invention designed to allow an escaper to breathe from a pocket of air all the way to the surface. This particular hood was thought not to be entirely satisfactory, but it did suggest, in conjunction with more rapid compression rates, a new system of escape which would involve shorter exposure times and less dangerous ascents. Barnard & Eaton (1965) simulated escapes with goats as subjects at depths from 300 to 500 ft (91-5-152-5 m) using a fixed compression time of 30 seconds regardless of depth and a rate of ascent of 4 to 5 ft (1-2-1V5 m) per second which matched the rate of ascent of men through water. Following these animal exposures men were similarly exposed at depths down to 500 ft (152x5 m) prior to carrying out successful hooded escapes from HMS Orpheus in July 1965. Further animal studies have been carried out by Eaton (1967a, b) down to 950 ft (290 m) with a view to defining the possible limits ofthis method.
Animal Experiments

HoodedAscent
The principles of hooded ascent are simple. Each man enters the escape chamber wearing a combined exposure-suit, buoyancy stole and hood.
The chamber is flooded with no increase in pressure until the vent is shut. The pressure then rises rapidly, in about 20 seconds regardless of depth, until the hatch opens. During compression the escaper keeps his stole and lungs inflated via a special valvethe Hood Inflation System (HIS)which supplies air at a small positive pressure above the chamber pressure. When the hatch opens, the man, being buoyant and standing in a smooth-bored open-ended tube, automatically starts his ascent. During ascent the air in the buoyancy stole expands through special valves to flush fresh air into the hood from which the man may breathe. On arrival at the surface the hood can be unzipped and the immersion suit blown up to give thermal protection.
Recent Trials
Further development of this system called for a series of simulated escapes carried out in the pressure chambers of the Royal Naval Physiological Laboratory at depths down to 625 ft (190-6 m). These were followed by a number of simulated escapes carried out in June 1970 from HMS Osiris while underway, at depths down to 600 ft (183 m). The personnel taking part in these trials were instructors from the submarine escape training tank, HMS Dolphin. It is suggested that their achievement is to have shown that the system developed by the Royal Navy would enable escapes to be made from submarines anywhere in the world down to the limits set by the Continental Shelf.
Medical Aspects of a Simulated Dive to 1,500 feet (458 metres) Each attempt in the history of diving to progress to greater depths has been met by a succession of apparently insurmountable barriers. The early problems were overcome by improved engineering and the later ones by better understanding of the physiological mechanisms involved.
The most recent apparent barrier, now called the high pressure nervous syndrome (HPNS), was first observed in 1964 at the Royal Naval Physiological Laboratory. Following compression to 600 and 800 ft (183 and 244 m) men developed a coarse tremor and muscular incoordination which ameliorated while at depth.
In 1968 Brauer and Delauze at Marseilles abandoned a simulated dive at 1,190 ft (363 m) after 4 minutes at that depth because of the HPNS, which was described as gross muscular incoordination and drowsiness, with a tendency to sleep if not occupied. The EEG records of the divers showed greatly increased theta activity (6 Ho) and slow waves, which animal experiments had shown might be pre-convulsive. Because of these findings, Brauer postulated the existence of a 'helium barrier'. The existence of this barrier was questioned after a Swiss dive at the Royal Naval Physiological Laboratory (RNPL) to 1,150 ft (351 m), only 40 ft (12 m) shallower than the Marseilles -dive, had produced no similar problems (Buhlmann et al. 1970) .
It became important to investigate whether or not the 'helium barrier' was a definite entity, and
